Introduction
Cytomegalovirus (CMV) is a prevalent herpesvirus, with a seroprevalence of~60% in the USA and Western Europe and approaching 100% in parts of South America, Asia, and Africa [1, 2] . CMV is a double-stranded, enveloped virus capable of producing lifelong, latent infections [2, 3] . Primary infection in immunocompetent individuals is typically mild or asymptomatic. However, CMV can cause significant morbidity in immunocompromised hosts. In the eye, CMV is best known for causing CMV retinitis (CMVR) [3] .
Epidemiology
CMVR typically affects immunocompromised hosts, including patients with human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS), recipients of bone marrow or solid organ transplants, and neonates. Among AIDS patients, CMVR remains the most common opportunistic eye infection. Before combination antiretroviral therapy (cART), the lifetime CMVR risk among AIDS patients was~30% [4] [5] [6] . cART has led to an estimated 80-90% decline in CMVR [7] [8] [9] , with a cumulative incidence of 1.2 and 4.2% at 4 and 10 years, respectively, in the postcART era [10] .
The single most important risk factor for CMVR development in AIDS patients is a CD4 count < 50 cells/μL, with CMVR typically occurring when the CD4 count is in the single digits [10, 11] . CD4 nadir < 50 cells/μL has also been reported as a significant risk factor [9, 10] . Additional measures of AIDS disease progression, including CD8 count < 400 cells/μL, HIV load > 10,000 copies/mL, and presence of HIV retinopathy, have also been associated with CMVR [10] . Genetic risk factors, including haplotypes of the IL-10 receptor subunit, C-C chemokine receptor type 5, and stromal cell derived factor-1, have been shown to influence CMVR risk [12, 13] .
There is no current consensus regarding ophthalmologic screening in HIV disease. While some experts endorse CD-4 count-based screening (e.g., every 3-4 months for CD4 < 50 cells/μL, and less often with higher counts), 2017 CDC guidelines caution that the value of this approach is unknown in the cART era [14] .
CMVR also afflicts non-HIV individuals, especially those with immune compromise. In a review of 208 HIV-negative CMVR cases, Downes et al. identified a contributor to immune dysfunction in 95.5%, including underlying malignancy, most commonly leukemia or lymphoma (~29%), autoimmune disease requiring immunosuppressive therapy (~19%), bone marrow (~16%) or solid organ (~15%) transplant with systemic immunosuppression, diabetes (~6%), and Good's syndrome (< 5%) [15] . Among solid organ transplants, CMVR was noted in~0.3%, [16] [17] [18] with the greatest risk of CMVR occurring in CMV-negative patients who received organ transplants from CMV-positive donors [3] . In this setting, CMVR occurs at a median of 9 months after solid organ transplantation and persists until systemic immune suppression can safely be reduced enough to allow the recipient to generate a primary T cell response [3] . Among hematopoietic stem cell transplant (HSCT) patients, CMVR rates are 0.12-4%, with the highest rates among CMV-positive recipients with CMV-negative donors [3, 19] . Other potential risk factors for CMVR include HLA mismatch, unrelated donor, delayed engraftment, longer CMV viremia duration, and higher peak CMV viral load, with only peak CMV viral load achieving statistical significance in multivariate analysis [19] [20] [21] [22] .
The incidence of CMVR may be increasing among patients receiving hematopoietic stem cell transplants, with several studies reporting higher rates of CMVR in recent years [19, 23] .
One study of HSCT patients reported an increased incidence of CMVR from 0.07% in 1985-2001 to 2.2% in 2002-2005, and another study reported an increase from 0% in 2010-2013 to 18% in 2014 [19, 23] . The increased rates may be due to increased CMVR awareness among physicians, increased survival of HSCT patients, and/or increased use of aggressive immunosuppression [19, 23, 24] .
In addition to systemic immunosuppression, intra-and peri-ocular steroid administrations (intravitreal triamcinolone, subtenon triamcinolone, as well as dexamethasone and fluocinolone acetonide intravitreal implants) have been implicated in non-HIV CMVR [15, 25, 26] . Finally, congenital infection with CMV may lead to CMVR in infants, even without known immune system dysfunction [27] . CMV is a significant cause of congenital viral infection, affecting~0.6% of live births-disproportionately infants infected with or exposed to HIV and those born in developing countries [28, 29] .
Clinical Signs and Symptoms
Patients with CMVR typically present with visual symptoms including blurry vision, loss of peripheral or central vision, and floaters [30] . CMVR remains a clinical diagnosis, based on the presence of characteristic fundus findings in susceptible individuals. There are several recognized patterns of CMVR including wedge-shaped areas of retinal whitening with associated hemorrhages (brush-fire; Fig. 1a) , small opaque white dot-like lesions (granular; Fig. 1b) , or rarely retinal vasculitis with perivascular sheathing (similar to frosted-branch angiitis) [31] [32] [33] [34] . Typically, CMVR lesions are first noted peripherally and progress centripetally at a rate of 24 μm per day [33, 35] . Vision loss occurs as a result of posterior pole involvement with retinal necrosis involving the macula or optic nerve or as a result of complications including retinal detachment (RD), epiretinal membrane (ERM), or cataract [35, 36] . The clinical features of CMVR do not differ between individuals with HIV infection and those with immune compromise from other causes [37] .
Diagnostic Testing
Standard fundus photography has proven to be a reliable means of monitoring CMVR and has been used in all major clinical trials to determine CMVR progression. The Longitudinal Study of Ocular Complications of AIDS (LSOCA) group found that fundus photograph comparison may detect retinitis progression sooner and may provide more accurate and reproducible assessments than clinical examination [38] . Recently, ultra-widefield imaging (Optomap, Optos PLC) has emerged as a means of imaging up to 200°of the peripheral retina in a single image (Fig. 1) . Small case series suggest that ultra-widefield imaging may be superior to standard fundus photography in the evaluation of CMVR [39, 40] . In one report, ultra-widefield imaging included 29.1-48.3% greater retinal area than standard photographs and identified 22.1% more CMVR lesions than standard nine-field photography [39, 40] . Furthermore, patients reported that ultrawidefield imaging was more comfortable and less time consuming compared to standard photographs [39] .
Telemedicine may provide a means of extending CMVR screening to at-risk populations in the developing world. Remote image grading has been the standard for clinical trials in the USA and elsewhere and may have benefits over clinical examination [38] . Remote image grading has also shown promise in the developing world. A pilot study in Thailand reported 89-91 and 85-88% sensitivity and specificity, respectively, for CMVR diagnosis by remote graders, compared to a gold standard of indirect ophthalmoscopy by a trained ophthalmologist [41] .
Fluorescein angiography (FA) findings in CMVR may include leakage at the optic disk and areas of active retinitis, non-perfusion in affected areas, or blocking defects in areas of hemorrhage [42, 43] . The frosted branch angiitis variant demonstrates late perivascular leakage or staining or rarely perivascular hypofluorescence [44, 45] . Kyrieleis plaques may also be seen in CMVR and can be distinguished from frosted branch angiitis by the lack of perivascular leakage on FA [46] . FA may identify late complications of CMVR, including optic disk neovascularization, choroidal neovascularization, and cystoid macular edema (CME) [47] [48] [49] .
Case series suggest that fundus autofluorescence (FAF) may be useful for detecting early progression of CMVR [50] . In active retinitis, the advancing lesion border is hyperautofluorescent, which may aid the clinician in detecting subtle areas of progression or reactivation [50] . Retinal hemorrhages and edema within areas of active retinitis appear hypo-autofluorescent with stippled hyper-autofluorescence [50] . Areas of retinal atrophy exhibit hypo-autofluorescence. In our clinical experience, FAF can facilitate early detection of lesion progression or reactivation with characteristic hyperautofluorescence at the border of lesions (Fig. 1c, d) .
We recently reported a small retrospective series evaluating spectral domain-optical coherence tomography (SD-OCT) findings in CMVR [51] . Microstructural abnormalities in the area of active CMVR, at the leading edge, and just beyond the leading edge (as determined from fundus photographs) were evaluated by SD-OCT. Microstructural abnormalities were frequently noted beyond the leading edge of CMVR, with outer retinal disruption noted to be a potential early sign of a Ultra-widefield fundus photograph of hemorrhagic CMV retinitis with "brush-fire" pattern demonstrates areas of retinal whitening and necrosis along with overlying hemorrhage. Retinitis typically occurs along the vascular arcades and progresses centripetally towards the posterior pole. b Ultra-widefield fundus photograph of granular CMV retinitis demonstrates granular, hypopigmented lesions with only rare retinal hemorrhages. There are also a few faint, punctate hypopigmented lesions along the arcades. c Ultra-widefield fundus photograph demonstrating recurrent CMV retinitis, as noted by whitening, at the edge of the nasal chorioretinal atrophy from prior CMV retinitis and superiorly. d FAF imaging of the same eye at the same time showed stippled hyper-and hypo-autofluorescence in the area of healed CMV retinitis scar, with a hyper-autofluorescent border in the area of reactivation as well as in the new area of retinitis superiorly. e Ultrawidefield fundus photograph demonstrating retinitis and whitening with numerous retinal breaks and associated rhegmatogenous retinal detachment inferonasally. f After repair with pars plana vitrectomy with silicone oil, the retina is attached with laser scars and CMV scars noted progression, suggesting that monitoring the boundary between normal and abnormal ellipsoid zone may be useful for identifying microprogression (Fig. 2) [51] . Further studies are necessary to determine the role of OCT, if any, in monitoring and managing CMVR.
Novel imaging techniques such as OCT angiography and adaptive optics (AO) may provide ancillary information to clinicians. In one case report, AO was able to finely distinguish between areas of intact and damaged retina, with the former showing an intact cone mosaic pattern, and the latter demonstrating a honeycomb-like appearance suggesting direct visualization of the RPE due to loss of overlying photoreceptors [52] . Further studies are needed to assess the role and utility, if any, of these imaging techniques in CMVR management.
Laboratory Testing
Aqueous or vitreous sampling with polymerase chain reaction (PCR) testing for CMV DNA is useful in identifying CMVR in unclear cases and for distinguishing from other causes of infectious retinitis [53] . CMV PCR amplification demonstrates CMV viral products in the aqueous and vitreous of infected eyes [54] . Viral titers correlate with disease activity and may be used to distinguish between active and inactive retinitis [54] . PCR testing has been used to definitively diagnose CMVR in cases of local immunosuppression from steroid injection or implant [55] [56] [57] . PCR testing may also be used to identify viral resistance to antiviral medications and may thus help guide therapy [58] .
Retinitis Progression and Visual Outcomes
Without treatment, CMVR typically progresses towards the posterior pole at an average rate of 24 μm per day. Treatment significantly prolongs time to progression [59] [60] [61] . In the cART era, the odds of CMVR progression have decreased by~50% [62, 63] . The overall rate of retinitis progression in patients on cART was 0.10/personyears (PY)-a marked reduction from the rates of 3.0/PY observed in the pre-cART era [8] . For patients on cART therapy, time to CMVR progression was significantly prolonged, with a median time to progression of 1.5 years [64] . Rates of CMVR recurrence have also declined, and visual outcomes have improved due to cART therapy [4, 36, 65, 66] . In the Longitudinal Study of the Ocular Complications of AIDS (LSOCA), vision loss to ≤ 20/50 and to ≤ 20/200 was reduced by 42 and 61%, respectively, in CMVR patients with immune recovery from cART [67] .
Despite the widespread success of cART in CMVR management, CMVR still carries a poor visual prognosis, especially in patients who do not have immune reconstitution [68] . In a post-cART study, the rate of visual impairment was 0.10/ eye-years and the rate of blindness was 0.06/eye-years in CMVR patients receiving cART [67] .
CMVR-Associated Retinal Detachment
RDs associated with CMVR (Fig. 1e, f) typically occur within areas of retinal necrosis or at the border of healthy and necrotic tissue and may have multiple retinal breaks that are poorly visualized [69] . Larger areas of retinitis are associated with an increased risk of RD in pre-cART and post-cART studies [70, 71] . Other factors found to put CMVR patients at increased risk for RD include lower CD4 counts and older age [70, 71] . In the pre-cART era, RDs were a common complication of CMVR, occurring at a rate of 0.57-0.66/PY [72] . Since the introduction of cART, the rate of RD has decreased to a rate of 0.06/PY in those on cART and 0.02/PY in patients on cART with CD4 counts ≥ 200/μL [73] . Management should be individualized and may include laser demarcation of peripheral RD [74] , scleral buckling, and/or vitrectomy with silicone oil (Fig. 1f) , although many authors advocate for vitrectomy with silicone oil tamponade in the majority of cases [75] .
Immune Recovery Uveitis and Other Causes of Visual Morbidity
With the rise of cART, immune recovery uveitis (IRU) became an increasing source of ocular morbidity in CMVR [4] . In IRU, typically anterior uveitis or vitritis, the T cellmediated immune reaction to residual CMV antigens is thought to be bolstered by cART-mediated immune recovery [76, 77] . The incidence of IRU has been found to range from 0.11/PY to 0.83/PY [76] [77] [78] [79] [80] . Large areas of CMVR (greater than 25-30% retinal area), posterior pole involvement, treatment with intravitreous cidofovir, and male gender increase the risk of CMVR-related IRU [77, 79, 81] .
The vitritis observed in IRU can be associated with other post-inflammatory sequelae, including CME, ERM, and cataract [76] . CME and ERM have been reported in up to 45 and 48.9%, respectively, of IRU eyes [79] . Even in the absence of IRU, ERM and cataract can develop in association with CMVR [82, 83] . In the LSOCA cohort, IRU and posterior segment inflammatory signs were not strongly associated with cataract [76, 83] . Visual acuity (VA) of ≤ 20/200 is found at similar proportions in eyes with and without IRU [79] . However, when post-inflammatory complications such as CME and cataract are included in analysis, IRU accounts for up to 25% of vision loss to ≤ 20/200 [65] .
Appropriate treatment of IRU is dependent on the location and severity of intraocular inflammation. Anterior uveitis is typically managed with topical corticosteroids, while vitritis may be treated with periocular steroids or short courses of oral steroids [84] . In eye refractory to topical or periocular therapy, intravitreal corticosteroids have been employed [84] . Some authors recommend administering concurrent anti-CMV therapy with intravitreal steroids in order to prevent reactivation of retinitis [85] . The intravitreal fluocinolone acetonide implant (retisert) has also been used for the management of refractory CME from IRU in three eyes without reactivation of CMVR [86] . However, given reports of CMVR occurring in immunocompetent individuals treated with the fluocinolone implant, patients receiving this treatment for IRU should continue therapy against CMVR and should be monitored regularly by the treating ophthalmologist for the duration of the implant [84, 86, 87] .
Mortality
In the pre-cART era, CMVR was associated with significant morbidity and mortality, approaching 100% mortality in many early series. One series of untreated patients described 100% mortality within 6 weeks of diagnosis of CMVR [32] . The grave mortality rates in this era are illuminated by the fact that some initial reports of AIDS-related CMVR and its treatment included postmortem histopathologic slides [32, 31] . Mortality rates declined throughout the pre-cART era, as supportive care improved and anti-cytomegalovirus agents became available. A large study conducted in the immediate pre-cART era (1993-94) found a median survival of 262-268 days, whereas a subsequent study conducted at the time that cART became available (1994) (1995) (1996) found a median survival ranging from 388 to 568 days, depending on the study treatment arm [61, 88] . In one large study, patients with CMVR without immune recovery had a mortality of 44.0/100 PY and 13.5 month median survival, compared to 2.7/100 PY and 27 years, respectively, for those with immune recovery [7] . In two small series of non-HIV patients with CMVR, the mortality rate ranged from 11.7 to 23/100 PY [22, 89] .
Treatment
The centerstone of short-and long-term disease control of CMVR is immune reconstitution, whether through cART in HIV patients or modulation of systemic immunosuppressive drugs or immune reconstitution in hematopoietic stem cell transplantation [7, 89] . Among HIV-infected patients, immune recovery decreases the risk of ocular morbidity, vision loss, and death [10] . The rate of bilateral blindness (VA < 20/ 200 in both eyes) from CMVR has decreased from 14.8/100 PY in the pre-cART era to 0.4/100 PY with modern cART [7] . Antiretroviral therapy decreases the risk of RD from 2.7-8.7/ 100 person-years to 1.0-1.3/100 person-years among those with immune recovery [7, 36] . Finally, immune recovery is associated with significantly decreased mortality, from 44.0/ 100 PY in patients with CMVR without immune recovery to 2.7/100 PY in patients with immune recovery [7] . Systemic therapy alone may be utilized in patients with peripheral lesions that do not threaten the optic nerve or the macula. When the posterior pole is involved, retinitis progresses on systemic therapy, or if the patient cannot tolerate systemic therapy, intravitreal therapy is employed. If antiviral resistance is encountered, many practitioners switch agents or use two agents in combination.
Systemic Therapy
Large, randomized controlled trials from the pre-cART era demonstrated a synergistic effect of combination systemic and local anti-CMV therapy. The ganciclovir implant alone was superior to intravenous ganciclovir alone for delaying the progression of retinitis (defined as extension of a lesion border by ≥ 750 μm over a ≥ 750-μm front, the development a ≥ 750 μm area of new retinitis, or RD within an area of retinitis) [61] . However, the addition of systemic ganciclovir to the ganciclovir implant was found to decrease the risk of mortality, visceral CMV disease, and second eye disease [61] . Later studies demonstrated that combined oral and intraocular therapy delayed progression of retinitis (extension of the border by ≥ 750 μm over a ≥ 750-μm front or development of a new retinitis ≥ 750 μm in diameter) and decreased the risk of new CMV disease [88] . At present, there are several available systemic therapies that may be given orally or intravenously for induction and maintenance therapy against cytomegalovirus infections, including ganciclovir, valganciclovir, foscarnet, cidofovir, and leflunomide (Table 1) .
Ganciclovir is an acyclic purine nucleoside whose activation depends on the viral kinase encoded by the UL97 gene to catalyze the initial step in ganciclovir's phosphorylation. The activated triphosphate form of ganciclovir then binds specifically to the viral DNA polymerase encoded by the UL54 gene. CMV mutations in either the UL54 or UL97 genes confer ganciclovir resistance [90] . The principle side effect of ganciclovir is myelosuppression [88, 91] . Induction therapy is given at a dose of 5 mg/kg every 12 h for 14-21 days followed by a maintenance dose of 5 mg/kg/day [88, 91] . Discontinued 2013
IV intravenous, PO per os, n/a not applicable
Valganciclovir is an orally administered prodrug of ganciclovir with excellent bioavailability. Mutations in UL54 and UL97 thus also render resistance to valganciclovir. In a randomized, controlled trial, oral valganciclovir was as effective as intravenous ganciclovir when used as initial therapy [92] . In trials, the two drugs had equivalent median time to progression, 160 days for oral valganciclovir and 125 days for intravenous ganciclovir (defined as lesion border movement ≥ 750 μm or new lesion ≥ 750 μm as assessed by fundus photographs) [92] . Valganciclovir may be administered as 900 mg twice daily during induction therapy and then continued at once daily dosing for maintenance [93] . A systematic review found that oral valganciclovir was preferable to intravenous ganciclovir on a cost-effectiveness basis [94] . Switching from intravenous to oral therapy resulted in a cost savings of $6866 USD per treatment period [94] . Furthermore, compared to other available therapies, the once-daily oral dosing of valganciclovir is simple and convenient, increasing patient compliance with therapy [93] . The principle therapeutic limitation of valganciclovir is myelosuppression.
Foscarnet is a pyrophosphate analogue that inhibits viral DNA replication by specifically binding to the CMV DNA polymerase encoded by the UL54 gene [95] . Thus, mutations in UL54 confer foscarnet resistance. The efficacy of foscarnet, demonstrated by randomized, controlled trials, is similar to that of ganciclovir in terms of median time to progression of retinitis [95] [96] [97] [98] . Nephrotoxicity is the most common treatmentlimiting toxicity of foscarnet [95] . Foscarnet is administered as 90 mg/kg twice daily for 2 weeks for induction therapy, followed by a maintenance dose of 120 mg/kg daily [99] .
Cidofovir is a nucleotide analogue that is phosphorylated to its active form by cellular enzymes and then serves as a competitive inhibitor of the CMV viral DNA polymerase encoded by the UL54 gene. Mutations in UL54 confer cidofovir resistance [90] . Intravenous cidofovir was directly compared to oral and intravitreal ganciclovir in a randomized trial which suggested that both agents were similar for treatment of CMVR [100] . The long half-life of cidofovir allows for administration every 2 weeks. However, cidofovir therapy is limited by several significant side effects including nephrotoxicity, neutropenia, uveitis, and hypotony [100] [101] [102] . Cidofovir is administered as an intravenous infusion of 5 mg/kg over 1 h weekly for the first 3 weeks of induction therapy and then every 2 weeks for maintenance [90] . In order to limit nephrotoxicity, cidofovir is co-administered with intravenous hydration and probenecid (2 g given 3 h before and 1 g at 2 and 8 h after cidofovir). Despite attempts to limit nephrotoxicity, 24% of patients enrolled in one trial had to stop cidofovir because of renal toxicity [101] .
Leflunomide is an immunosuppressive agent that is approved for use in rheumatoid arthritis. Leflunomide inhibits virion assembly and has been used off-label for the treatment of CMVR. Its use was initially reported in patients in India who could not afford preferred anti-CMV therapy, and has since been used in patients with drug-resistant CMVR [103] [104] [105] . Given the off-label use of leflunomide, there is no specific recommended dose from the manufacturer for CMVR. Some authors recommend using the standard dosing of 100 mg once daily for 3 days followed by 20 mg once daily, whereas others recommend a dose of 100-200 mg daily for 5-7 days, followed by 40-60 mg daily [104, 106, 107] .
Intravitreal Therapy
Intravitreal therapy enables delivery of a high concentration of medication directly into the eye.
Four agents, ganciclovir, foscarnet, cidofovir, and fomivirsen, have been used for intravitreal injections to treat CMVR. Ganciclovir was the first intravitreal therapy available for CMVR and remains a mainstay of treatment. Case series suggest efficacy of intravitreal injections for the management of CMVR [7, 108] . Intravitreal ganciclovir is typically given as a 2-mg injection twice weekly as during the induction phase, followed by weekly maintenance injections (Table 1 ) [99] .
Foscarnet may also be given intravitreally. In case series, intravitreal foscarnet was shown to reduce or halt the progression of retinitis (advance of 750 μm from an existing lesion or development of new foci as assessed by clinical examination) [97, 109, 110] . The typical dosage of intravitreal foscarnet is a 1.2 or 2.4 mg injection, given one to two times weekly (Table 1) [99] .
Intravitreal cidofovir has also been shown to be effective at slowing the progression of CMVR but is rarely used in clinical practice owing to higher rates of side effects, including iritis (15-20%), CME, and irreversible hypotony that can be visually significant [111] [112] [113] .
Fomivirsen, an antisense oligonucleotide complementary to CMV mRNAs [114] , delayed progression (advancement of a lesion by ≥ 750 μm along a ≥ 750-μm front or appearance of a new lesion ≥ 750 μm, assessed by fundus photographs) in a randomized, controlled trial of 18 patients with CMVR [115] . Due to market concerns, fomivirsen was withdrawn in 2002.
Sustained Delivery
A sustained release formulation of ganciclovir (Vitrasert®, Bausch and Lomb) obtained FDA approval in 1996. The ganciclovir implant provided an alternative to frequent long-term injections in patients who had failed intravenous therapy. The 6 mm implant was surgically implanted through the pars plana and delivered ganciclovir for 7-8 months. Complications included endophthalmitis, RD, vitreous hemorrhage, cataract, and hypotony [61, 116, 117] . In light of declining sales, the manufacturer discontinued the ganciclovir implant in 2013. Although varied means of improving intraocular ganciclovir delivery including coupling to nanoparticles of thermosensitive hydrogels have been reported [118, 119] , market pressures likely limit commercial development.
Potential Emerging Therapies: Adoptive Immune Transfer
Adoptive transfer of CMV-specific donor cytotoxic Tlymphocytes (CMV-CTL) is a potential emerging therapy for CMVR. Donor T cells are obtained from healthy CMVseropositive patients and are used to generate CMV-CTLs. The appropriate donor CMV-CTL for a given CMVR patient is selected based on partial HLA matching, with restriction in cytotoxicity to CMV epitopes presented by one of the matching HLA alleles. Intravenous infusions of CMV-CTLs are performed once weekly for 3 weeks. Additional cycles may be performed based on response and lack of toxicity. CMV-CTLs administered for systemic CMV infection after bone marrow transplant have been associated with significant expansion of T cell lines, decrease in CMV viral titers, and control of systemic CMV infection [120] [121] [122] . We previously reported a single case of long-term successful treatment of multi-drug-resistant CMVR with CMV-CTLs, without concurrent systemic or intravitreal antiviral therapy [123] . Further studies are necessary to determine the long-term efficacy and safety of these CMV-specific T cell infusions, if any, for patients with CMVR.
Antiviral Resistance
Viral resistance occurs as a result of mutations in the viral UL97 and UL54 genes which encode viral kinase and viral DNA polymerase respectively [90] . Mutations in UL97 confer low-level resistance to ganciclovir and valganciclovir. Mutations in the viral UL54 gene confer resistance to ganciclovir, valganciclovir, foscarnet, and cidofovir. Concurrent mutations in both UL97 and UL54 lead to high-level ganciclovir and valganciclovir resistance. PCR testing enables detection of antiviral resistance genes and may help tailor therapy [58] . When resistance is encountered, it is our practice to switch agents or to utilize two agents in combination for intravitreal injections. The relatively high concentrations of drug delivered intravitreally may overcome viral resistance in the management of CMVR, although systemic disease may remain difficult to treat. Systemic toxicity concerns as outlined above may also limit utility of one or more systemic antiviral agents.
Conclusions
CMVR is the most common ocular opportunistic infection in AIDS. With the success of cART for HIV, rates of CMVR have declined significantly in the past two decades.
Decreasing numbers of CMVR cases have resulted in the withdrawal of two proven therapies, fomivirsen and the ganciclovir implant, owing to commercial pressures. The success of cART therapy has also caused a shift in the demographics of CMVR, with an increasingly larger portion of incident cases occurring in non-HIV-infected patients. Nevertheless, CMVR remains an important cause of ocular morbidity and vision loss in both HIV-infected patients and individuals with immune compromise from other causes. Antiviral resistance and a smaller therapeutic armamentarium provide a challenge to treating ophthalmologists, but emerging therapies such as adoptive immune transfer may provide promise for durable treatment in the near future. 
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